Abstract Multiple single nucleotide polymorphisms (SNPs) within ADAM33 have been reported to be associated with asthma and bronchial hyper-responsiveness in Caucasian populations. We examined whether these SNPs contribute to a predisposition to asthma, especially aspirin-intolerant asthma (AIA), in the Japanese population. Ten polymorphic sites (ST+4, ST+7, T1, T2, T+1, V-3, V-2, V-1, V4, V5) were genotyped in 102 AIA patients, 282 aspirin-tolerant asthma (ATA) patients and 120 control (CTR) subjects by direct sequencing. Haplotype frequencies were estimated by the expectation-maximization method. Differences in allele and haplotype frequencies among phenotypes were analyzed by the chi-square and permutation tests. ST+7, V-1 and V5 sites in the AIA group were significantly different from those in the ATA group (P=0.034-0.004) and from those in the CTR group (P=0.019-0.002). Haplotypes at three sites (ST+7, V-1, and V5) were significantly different in frequency between the AIA and ATA (P=0.008) or CTR (P=0.001) groups. Sequence variations in ADAM33 are likely to correlate with susceptibility to AIA in the Japanese population.
Introduction
Bronchial asthma (BA) is a common respiratory disease characterized by chronic airway inflammation leading to bronchial hyper-responsiveness (BHR) and reversible airway obstruction. Although aspects of BA susceptibility can be explained by environmental factors such as allergen exposure and inflammation, genetic factors may also play a key role in its etiology. Multiple sequence variations within the A-disintegrin and metalloprotease (ADAM) 33 gene were reported to be associated with the asthma phenotype and BHR in Caucasian populations (Van Eerdewegh et al. 2002) . The ADAM family comprises membrane-anchored metalloproteases with multiple biological functions. For example, some ADAMs have important roles in the shedding of cell surface proteins, such as cytokines and cytokine receptors (Black et al. 1997; Garton et al. 2001; Asakura et al. 2002) . Although the functional role of ADAM33 remains poorly understood, ADAM33 probably confers protease activity due to its conserved zinc-binding motif in the metalloprotease domain . ADAM33 is abundantly expressed in smooth muscle cells of airway tissue, which might indicate that it plays an important role in airway remodeling and BHR.Aspirin-intolerant asthma (AIA) is a clinically distinct subtype of BA characterized by severe broncho-constriction after oral administration of aspirin or other non-steroidal antiinflammatory drugs (NSAIDs). The prevalence of AIA, based on respiratory symptoms following NSAIDs use, is reported to be 0.6-2.5% of the general population and 4.3-11% of asthmatic patients (Hedman et al. 1999; Szczeklik et al. 2000; Kasper et al. 2003; Vally et al. 2002) . Since most of the agents that evoke AIA inhibit cyclo-oxygenase, a key enzyme in prostaglandin biosynthesis, genes involved in the arachidonic acid cascade may be responsible for the development of AIA. To date, leukotriene C4 synthetase has been reported to be associated with AIA (Sanak et al. 1997; Kawagishi et al. 2002) . However, conflicting results have also been reported (Van Sambeek et al. 2000) . Recently, by screening of 63 candidate genes of the arachidonic acid cascade in the Japanese population, we demonstrated that promoter polymorphism of the prostaglandin E2 receptor subtype 2 gene (EP2) is associated with AIA ). Nevertheless, a single genetic factor cannot explain the genetic background of AIA, and, therefore, other factors conferring susceptibility to AIA remain to be identified.
It is unclear whether the synthesis or the functional activity of ADAM33 is enhanced or decreased by theses polymorphisms. If biological activity is enhanced, shedding of cytokine receptors, which is the putative result of proteolytic activity of ADAM33, might be excessive. In contrast, if the biological activity of ADAM33 is decreased, the presence of certain receptors might be increased. For example, the number of cells with CysLTR1 in the nasal mucosa was higher in AIA patients than in ATA patients (Sousa et al. 2002) . If ADAM33 regulates the expression of Cys-LTR1, a decrease in its shedding activity would cause excess CysLTR1, leading to the development of AIA. Although this is largely speculative, there seems to be a link between ADAM33 and AIA. Recently, aspirinexacerbated respiratory disease (AERD) has been associated with increased asthma severity (Mascia et al. 2005) . Because in previous studies ADAM33 seemed to predispose to airway remodeling or increase in BA severity, it may be inferred that ADAM33 is indirectly linked with AIA.
Although several types of asthma or other lung abnormalities, such as childhood asthma (Van Eerdewegh et al. 2002; Lind et al. 2003; Raby et al. 2004; Noguchi et al. 2006) , adult asthma (Hirota et al. 2006) , reduced lung function (Jongepier et al. 2004; Van Diemen et al. 2005 ) and chronic obstructive pulmonary disease (COPD) (Van Diemen et al. 2005) , have been reported to be associated with polymorphisms of ADAM33, there have been no studies on its association with aspirin sensitivity. The purpose of this investigation was to test the hypothesis that sequence variations in ADAM33 could contribute to the development of aspirin-and NSAIDs-intolerant asthma. We performed a genotype-phenotype association study, using polymorphisms of ADAM33, that was originally reported to be associated with asthma.
Materials and methods

Population subjects
This study was performed with the approval of the Ethics Committees at the School of Medicine, Niigata University and the Institute of Medical Science at the University of Tokyo. A total of 384 Japanese asthmatic patients was recruited at the Niigata University Hospital in Japan. Characteristics of the study population are shown in Table 1 . BA was diagnosed according to the criteria of the Japanese Society of Allergology (1995). It was based on episodes of wheezing and dyspnea, especially at night and in the early morning, and reversible airway obstruction shown by >20% variation in daily values of volume in the first second of forced expiration (FEV 1 ) and peak expiratory flow (PEF) after inhalation or administration of bronchodilator. Atopic-type asthma was identified in patient with elevated levels of serum total non-specific IgE. One hundred and twenty unrelated Japanese nonasthmatic individuals, over 60 years of age and with no history of asthma, comprised the control (CTR). Latent asthma is unlikely in this age group.
Asthma severity was also classified according to the criteria of the Japanese Society of Allergology (1995) . This classification is based on a combination of the severity and frequency of asthma exacerbation and the therapeutic regimen required to control daily symptoms. A person with sporadic wheezing and mild episodes of asthma treated by bronchodilators alone is assigned to the mild asthma group. An individual with frequent moderate or severe asthma that restrict his/her activities of daily life is assigned to the severe asthma group. In persons receiving corticosteroids, total corticosteroid dosage, including inhalations, determines severity, independent of symptoms. An individual receiving more than 10 mg of prednisolone daily is defined as having severe asthma. The moderate severity group is defined by characteristics intermediate between the previous two classifications. The diagnosis of AIA was made on the basis of a history of more than one self-reported episode of bronchial response to aspirin or NSAID ingestion. ATA was defined as BA with no history of NSAIDinduced asthma. A provocation test was not applied, mainly because of the risk of significant occult disease, although the likelihood of severe reaction was considered very low (Jenkins et al. 2004 ).
Determination of the ADAM33 genotype Genomic DNA was obtained from blood specimens from subjects who gave their written informed consent for DNA analysis. Asthmatic subjects were classified into AIA (n=102) and ATA (n=282), or into severe (n=72), moderate (n=257), or mild (n=55) asthma. Ten polymorphisms in the 3¢ portion of the gene, ST+4, ST+7, T1, T2, T+1, V-3, V-2, V-1, V4, and V5, were selected for the association study, because most SNPs that were associated with BA and BHR in the original report (Van Eerdewegh et al. 2002) were in this region. Polymorphisms were genotyped using BigDye Terminator cycle sequencing on an ABI PRISM 3700 DNA analyzer, (Applied Biosystems, Tokyo, Japan). We imported the chromatograms into Sequencher software, version 3.1 (Hitachi Software, Yokohama, Japan) to determine genotypes.
Statistical analysis
For each polymorphism, Hardy-Weinberg equilibrium was tested with the v 2 test. We also performed v 2 tests to compare differences in allele frequency distribution between each phenotype. Haplotype frequencies for multiple sites in phase-unknown samples were estimated, using the expectation-maximization method, and the permutation test was performed to test the deviation of the haplotype frequency with SNPAlyze v5.0 software (DYNACOM, Mobara, Japan), as described elsewhere Jinnai et al. 2004 ).
Lewontin's pair-wise linkage disequilibrium (LD) coefficient, D¢, and a standardized LD coefficient, r 2 , were calculated as described elsewhere (Lewontin 1964; Hill and Robertson 1968) .
Results
Allele frequency distribution of ADAM33 polymorphisms
Frequencies of the minor alleles of ADAM33 in the AIA, ATA, and CTR groups are shown in Table 2 . The genotype distributions fulfilled the Hardy-Weinberg equilibrium in all polymorphisms and groups. At the ST+7, V-1, and V5 sites, the minor allele frequency distributions of the AIA group were significantly different from those of the ATA group (v 2 =5.49-9.35, P=0.034-0.004) and the differences between the AIA group and the CTR group were more prominent (v 2 =4.49-8.25, P=0.019-0.002). In contrast, no statistically significant differences in allele frequency distribution between the ATA and CTR groups were observed.
The asthmatic patients were divided into severe and moderate-mild groups, based on clinical status as previously described, and the difference in allelic distributions between the severe and CTR groups and between the severe and moderate-mild groups were evaluated (Table 3 ). There was a significant difference in allele frequencies between the severe and moderate-mild groups at the ST+7 site (v 2 =3.98, P=0.046). At the ST+7, V-1 and V5 sites the allele frequency distribution of the severe group was significantly different from that of the CTR group (v 2 =4.01-6.06, P=0.045-0.014).
Linkage disequilibrium in ADAM33
For the estimation of the haplotype block structure of ADAM33, the linkage disequilibrium (LD) coefficients D¢ and r 2 were calculated for every pair-wise combination of polymorphisms. Estimates of LD by the D¢ and r 2 statistics were obtained from the observed genotype data for all possible pairs of the ten polymorphic sites in all subjects. The pair-wise LD among the ten polymorphisms also allowed us to identify the LD block within ADAM33 (Fig. 1) , indicating that there is less historical recombination in the Japanese population. In contrast, the extent of LD estimated with r 2 statistics was very low throughout the gene, with the exception of several pairs, including V-2 and V-3, V5, V-1 and ST+7, and T+1, T2, and T1.
Haplotype-based association of ADAM33 SNP, ST+7, V-1 and V5 showed significant associations with the AIA phenotype and were tight in LD (D¢=0.91-0.99) and were, therefore, used for haplotype construction. Four major haplotypes, frequencies over 1%, were selected for evaluation in a haplotype-based association study, and the distributions of these frequencies are shown in Table 4 . The haplotype-based association was tested with 10,000 iterated permutations. Frequency of the haplotype G/C/A at the ST+7/ V-1/V5 sites of AIA showed significantly higher frequency than that of CTR and ATA (v 2 =8.25, df=1, P=0.004; permutation P=0.001 and v 2 =6.44, df=1, P=0.011; permutation P=0.008, respectively). A second haplotype, A/A/G, an opposite of haplotype G/C/A, also showed significant differences between AIA and Fig. 1 Linkage disequilibrium structure in ADAM33 Pair-wise LD between all pairs of SNPs in ADAM33 was evaluated by D¢ and r 2 statistics. Pair-wise LD was determined in all subjects, for a total of 1,014 chromosomes, and is described as a block structure. In the schematic block, pairs of LD (0.8<D¢, r 2 ) are shown as black boxes, LD (0.6<D¢, r ATA and between AIA and CTR. Accordingly, the G/ C/A haplotype was regarded as an at-risk haplotype for AIA (Table 4) .
Discussion
The work by Van Eerdewegh et al. (2002) that identified ADAM33 as an asthma-susceptibility gene, using positional cloning and an association study, had a profound impact on researchers investigating the genetics of bronchial asthma. Polymorphisms of ADAM33 were originally shown to be associated with BHR. In the present association study, we focused on AIA patients who tend to show severe BHR and found, at the ST+7, V-1 and V5 sites, significant associations with AIA. Correction for multiple tests (such as Bonferroni's correction) was not performed in this study, because the investigated SNPs were tight in LD in our sample population and so were not independent.
In previous studies the V-1 SNP of ADAM33 was reported to be associated with disease in a mixed UK/ USA population and in a UK-only population (Van Eerdewegh et al. 2002) , and in a Hispanic population (Howard et al. 2003) , and the ST+7 SNP with asthma in UK/USA (Van Eerdewegh et al. 2002) , Dutch white (Howard et al. 2003) , and German (Werner et al. 2004) populations. Recently, significant associations, at the S+1, ST+4 and T2 sites and at the T1, T2, S2 and V-3 sites, were reported in pediatric and adult Japanese populations, respectively (Noguchi et al. 2006; Hirota et al. 2006 ), but these associations were not found in our sample. In contrast, no association was found between asthma and ADAM33 in Puerto Rican and Mexican populations (Lind et al. 2003) , the Korean population (Lee et al. 2004) , or a North American pediatric population (Raby et al. 2004) . Comparison of our results with those studies indicates that no single SNP was universally associated with the asthma phenotype. One explanation for these differences might be the heterogeneity of asthma. There seem to be genetic differences among subtypes of asthma, such as pediatric asthma, adult-onset asthma, AIA, and so forth. BA was not defined by common criteria in these investigations, and, in our study, the emphasis was on aspirin sensitivity. Further, there are structural differences in the LD pattern among populations. For example, there are large differences in LD pattern and haplotype structure among populations in the genomic interleukin 4 and interleukin 13 regions ) and in the angiotensinogen region ). Likewise, if there is an undetected causal polymorphism in the vicinity of the ADAM33 region, each study could detect associations with different polymorphisms due to ethnically diverse LD patterns of ADAM33. Although we cannot exclude the possibility that one of the three SNPs ST+7, V-1, or V5 may be related to a functional variation (affecting, for example, transcriptional activity and/or stability of RNA) leading to the AIA phenotype, it is more likely that the underlying cause lies in the haplotype. And the other, allelic heterogeneity, by which different mutations in the same gene combine in a single phenotype, might be responsible for the discrepancies among populations.
The severity of asthma is known to correlate with PC20 (Murray et al. 1981) ; severely asthmatic patients show severe BHR. So our data confirm previous reports that ADAM33 is a gene particularly associated with BHR (Van Eerdewegh et al. 2002) . Accordingly, we classified our asthmatic patients on the basis of clinical severity and analyzed the allelic associations among the groups. At the same three sites, significant differences in allelic frequencies between severe asthma and CTR were observed. In terms of clinical manifestations of AIA, it has been reported that aspirin sensitivity is associated with increased asthmatic severity and airway remodeling. The TENOR study group reported that aspirin-exacerbated respiratory disease (AERD) was associated with increased asthma severity and fixed airway obstruction, which was considered a manifestation of airway remodeling, in an epidemiologic cohort study (Mascia et al. 2005) . It was concluded that ADAM33 causes increasing asthma severity and progressive airway remodeling and, consequently, contribute to the pathogenesis of AIA. ADAM33, an asthma-associated gene, was studied by analysis of genotype-phenotype associations in Japanese asthmatic patients. Polymorphisms of ADAM33 were associated with AIA and severe forms of asthma. Our results should contribute to functional studies of ADAM33 as well as furthering understanding of the pathophysiology of AIA.
